Abstract
Introduction
The provision of all products and services results in impacts on our environment. In recent years firms and their designers have been under increasing economic, regulatory, and consumer pressure to make their products and services more sustainable. The entire life cycle of a product from "cradle to grave" (including design and development, raw material extraction, material production, manufacture, use and end-of-life) determines its environmental performance. Only by considering the entire life cycle is it possible for designers to determine whether an alternative design has the potential for lower environmental impact. Thus firms must have methods and tools appropriate for informing decisions about various design options prior to committing substantial resources for R&D on options that a life cycle-based analysis would demonstrate were not environmentally desirable.
In recent years, the understanding of these impacts has improved with the development of novel life cycle assessment (LCA) techniques that incorporate economic input-output accounts to estimate the environmental burdens across an industry's entire supply chain. LCA is a systematic tool to inform design and manufacturing decisions about the environmental impacts of materials, products and processes. Economic Input-Output LCA (EIO-LCA) in particular allows for quick and accurate estimation of the economy-wide environmental effects of different production decisions. In a conventional LCA, the scope of a study is limited by the complexity and timeconsuming nature of data collection and by the amount of detail required for a thorough analysis. Therefore results can vary widely between studies. EIO-LCA overcomes these problems by using a consistent boundary (the entire economy) with publicly available data.
In this paper, we present an EIO-LCA model we have developed for Canada that estimates the energy use and greenhouse gas (GHG) emissions associated with a given demand for particular products and services. The model helps provide a standardized methodology for LCA research in Canada as it is based on high quality economic and environmental data from Statistics Canada. It has been developed with the ultimate intention of creating a North American, multiregional model. Such a model could not only help standardize and facilitate LCA in North America, but could also feature in the analysis of environmental policies. Therefore our broad objective is to facilitate sustainable design and policymaking in North America through the development and application of environmental decision-making tools.
The specific objective in this paper is to illustrate the potential of the Canadian EIO-LCA model for determining the environmental implications of material selection in design. In our example application, the energy use and GHG emissions resulting from concrete vs. steel columns in a typical office building are calculated. The discussion ends with a ranking of sectors by energy use intensity.
Background and Theory
LCA is a technique whereby the environmental impacts of the steps of in a product or process' life cycle are determined and evaluated [1] . The International Organization for Standardization (ISO) has published frameworks for LCA as part of their environmental management system [2] . The conventional framework for LCA in North America is based on that developed by the Society of Environmental Toxicology and Chemistry (SETAC) [3] and the U.S. Environmental Protection Agency (USEPA). The life cycle stages and material and energy flows inventoried in a cradle-to-grave LCA are shown in Figure 1 . A second framework for LCA is based on Economic Input-Output Analysis. Input-output analysis was developed by Wassily Leontief in 1941 [4] . The extension of a single-region Economic Input-Output model to Life Cycle Assessment was introduced by researchers at Carnegie Mellon University (CMU) [5] and has since been applied to a variety of examples in the U.S. [6] [7] [8] [9] [10] . An on-line version of the U.S. EIO-LCA model developed at CMU and based on the Bureau of Economic Analysis (BEA) benchmark industry-by-industry input-output tables for 1997 is available [11] . The comparable Canadian EIO-LCA model was developed by Bjorn [12] and refined by Norman for application to the bi-national, Canada-U.S. multiregional case [13] . The model has been applied to a preliminary survey of the top greenhouse gas (GHG) emitting sectors, and to the evaluation of a reinforced concrete highway [12] . There are several essential features that distinguish EIO-LCA from conventional, SETAC/EPA LCA, the first two of which are alluded to in Figure 1 . First, whereas conventional LCA, the entire life cycle from cradle to grave can be analyzed, EIO-LCA is most naturally suited to cradle-to-gate analyses because the data collected for the model are from producers of products and services in the economy. Second, whereas in conventional LCA, the boundary can be selected by the analyst to include any range of supply chain processes, in EIO-LCA the boundary is automatically set to be the whole economy. Therefore in conventional LCA the study of supply chain impacts is limited to the extent of the boundary selected, while EIO-LCA automatically includes the entire production supply chain of a product or process in the analysis, including indirect effects (discussed in detail in Hendrickson et. al. [5] ). For instance, an EIO-LCA study of car manufacture would consider not only releases to the environment by the manufacturer itself as well as its direct suppliers, but also contributions by indirect suppliers across the entire supply chain (e.g. electricity for steel production, coal mining for electricity generation, drilling services for coal mining, etc) [12] . Due to the excessive time required to gather indirect effect data, they are not considered in conventional LCA. Therefore compared to EIO-LCA, conventional LCA will typically underestimate the supply chain impacts of the production process. Third, whereas in conventional LCA inputs and outputs can be measured empirically or modelled accurately with any relevant mathematical formulation, EIO-LCA assumes that releases to the environment are linearly proportional to levels of economic activity. Fourth, EIO-LCA uses monetary transactions between sectors as a surrogate for physical commodity flows. This is distinct from conventional LCA: consider the LCA of a steel kitchen knife with a plastic handle for example. In a conventional LCA the supply-chain processes for the manufacture of both the polymer and the steel, followed by the assembly process would be examined in detail. For an EIO-LCA, the monetary value of the handle and the blade would be estimated and assigned to the most closely matching industrial sector. These estimates would be entered into the EIO-LCA model, which would compute the economy-wide, supply-chain inputs and outputs automatically.
Mathematical Basis
At the heart of the EIO-LCA model are national input-output tables, whose detailed development is outlined in Miller and Blair [14] . The economy is divided into industrial sectors, where companies making similar products with similar techniques are grouped (the list of industrial sectors used as a basis for the Canadian model in this paper are listed in Appendix A). Input-output models are linear, and provide first-order economic impacts. An input-output table is a two-dimensional matrix, Z, whose z ij elements represent the total purchases from industry 'i' by industry 'j' for one year. In order to use the inputoutput tables for EIO analysis, each of the z ij elements is divided by the total output for industry 'i'. The result is a square matrix A, called the technical coefficient matrix, whose a ij elements represent the dollar amount of purchases from industry 'i' by industry 'j' per dollar output from industry 'i'.
Letting X be the vector of total outputs from each sector of the economy and Y be the vector of final consumer demands for each industry's products and services, equation (1) states that the output from each sector will equal the sum of demands from other industries plus final demand from consumers.
Solving for the vector X, results in the following equation:
The matrix (I-A) -1 is called the Leontief inverse, or alternately the total requirements matrix (TRM). It enables the computation of purchases throughout the entire economy required to meet a specified final demand, including direct and indirect effects. The TRMs can be obtained from national statistical agencies in Canada and the U.S., which publish them for use in input-output models.
EIO-LCA rests on the extension of the monetary input-model discussed above to estimate environmental inputs, and outputs, according to equation (3):
The e i element of a vector E is the environmental input or output for the sector 'i'. For each environmental vector E there is a corresponding set of environmental coefficients Ĉ. Each matrix Ĉ is a diagonal matrix whose c ii elements are environmental input or output coefficients. The diagonal elements are obtained by dividing the total environmental input or output for each industry by its total economic output. For example, the GHG emissions coefficient p ii for the industry 'i' in Canada are determined by dividing the total amount of GHG (in g) emitted by industry 'i' by its total output (in $CDN).
Method Data Sources
Our model was implemented in MATLAB using 1997 data from Statistics Canada. The base year 1997 was selected because it matched the base year of the most recent comprehensive benchmark EIO data published by the Bureau of Economic Analysis in the U.S., which was beneficial in light of our intent to implement a Canada-U.S. bi-national model [13] . Due to the sizes and "mature" structures of the U.S. and Canadian economies, the technical coefficients generally do not vary substantially from year to year. Hence the estimation of current impacts with the 1997 data is considered reasonable and is commonly applied. The total requirements matrix used was that provided by Statistics Canada's Canadian System of National Accounts (CSNA). Statistics Canada compiles four different IO tables, the S, or small level matrices, the M, or medium level matrices, the L, or large level matrices, and the W, or worksheet level matrices. S, M, L and W refer to the level of sectoral detail, with the worksheet level being the most disaggregated. We employed the L-level table, which best combines disaggregation and quality and includes 117 sectors (listed in Appendix A). The sectors are based on the North American Industry Classification System (NAICS), which enables standardization of data between the U.S., Mexico and Canada [15] .
The environmental release data was obtained from Statistics Canada's Econnections package [16] , in which indicators are published that establish connections between economic and environmental performance in Canadian industries. As part of the Canadian System of Environmental and Resource Accounts (CSERA) that is used in tandem with the CSNA to create economic-environmental indicators, environmental performance data is collected from producers to create national Material and Energy Flow Accounts (MEFA).
The environmental metrics considered in our model, GHG gas emissions and energy use, detailed in Table 1 . The measure of greenhouse gas emissions combines estimates of carbon dioxide, methane and nitrous oxide from various sources into a single measure with units of equivalent grams of CO 2 (g CO 2 eq.) [17] . The gases are weighted according to their global warming potential (GWP), with CO 2 given a GWP weight of 1. Because methane and nitrous oxide are more effective at capturing the reflections of the sun's rays off of the earth's surface, they are assigned higher GWPs of 21 and 310 respectively. Though halocarbons have higher GWPs than these substances, it is considered that there is insufficient data to confidently estimate their contribution to global warming potential by industry and they are not included in the GHG measure [17] . Because most of the carbon in fuel burning reactions that are used to estimate the CO 2 releases in the economy is burned, CO 2 estimates are considered to be of high quality, whereas methane and nitrous oxide production are considered to be of fair quality only [17] . Energy consumption data from mining industries is collected in the Census of Mines Quarries, and Sandpits, and energy consumption data from the manufacturing industries is collected in the Annual Survey of Manufacturers [17] . Because energy consumption data are not as readily available from the other sectors of the economy such as institutions, their energy usage is estimated by using the Quarterly Report on Energy Supply-Demand in Canada in tandem with the national IO accounts [17] .
Coefficients for GHG emissions and energy inputs in our model were derived by dividing the CSERA-listed values for each of the 117 industry sectors by the total monetary value of production from each sector listed in the CSNA for 1997.
It is also possible to consider other environmental metrics in Canadian EIO-LCA, ranging from resource use to toxic emissions reported in the National Pollutant Release Inventory (NPRI). The actual inclusion of these metrics is currently limited by data availability and compatibility with NAICS. However, over time, their inclusion will offer added detail to EIO-LCA modelling in Canada.
Application
A comparison of economic impacts, GHG emissions and energy use for the manufacture and installation of reinforced concrete vs. steel columns in an office building was undertaken. A 140,000 sq. ft. office building, with 15 storeys and a 10 ft inter-floor span was selected as a basis for calculations. Values used in the analysis were taken from an RSMeans 1999 handbook for building construction estimating in the U.S. [18] . A 700 KIPS steel I-beam column and a 700 KIPS C.I.P., square-tied (concrete) column with minimum reinforcing were selected as representative columns. It was assumed that the metal reinforcement in the concrete column has negligible economic impacts.
Using the RSMeans manual, total material and installation costs were determined. These were converted into $1999 CDN using the purchasing power parities (PPP) for Canada and the U.S. [19] . $1999 CDN values were then converted to $1997 CDN values using the Canadian Consumer Price Index (CPI) [20] . Material and labour costs were entered as final demands into equation (2) in order to compute direct and indirect economic output resulting from manufacture and installation of both column types. The 'primary metal manufacturing' and 'cement and concrete product manufacturing' sectors were respectively used to approximate the manufacture of steel and concrete columns, and the 'non-residential building construction' sector was used to approximate installation for both column types. Direct, indirect, and total GHG emissions and energy use were then computed using equation (3).
Results and Discussion
The summary comparison of the results for steel and concrete columns in office buildings is shown in Table  2 . The total costs of manufacture and installation are listed as 'Final demands' in Table 2 . Steel columns are expensive to manufacture ($468,202), but relatively inexpensive to install ($28,994). The opposite is true of the concrete columns, which are less expensive to manufacture ($111,681) than to install ($317,862). However, their overall costs are close. The main result is that for comparable costs, while the GHG emissions for the steel column case (576 Mg CO 2 eq.) are 20% larger than the GHG emissions for the concrete column case (478 Mg CO 2 eq.), the energy uses for the steel case (9,793 MJ) are 144% larger than for the concrete case (4,004 MJ). This suggests that from an energy standpoint, the use of steel columns in buildings is less sustainable than the use of concrete columns. For the implicit timeline used in our study, we have assumed that the building will not be demolished, which is a reasonable assumption considering the superstructure of an office building generally stays constant through renovations during the building's life. For the steel columns, the energy use and GHG emissions are largest where there is the largest economic activity. Hence, the larger economic output associated with steel column manufacture results in greater energy use for manufacture compared to installation. However for concrete columns the trend is reversed: there is more economic activity associated with installation, but there are greater energy use and GHG emissions associated with manufacture. The primary reason for the reversal is that concrete manufacture is more energy and GHG emission intensive than non-residential construction. In other words, there is less energy use and there are fewer CO 2 emissions per dollar of economic activity in construction than per dollar of economic activity in concrete manufacture.
Also shown in Table 2 are the direct and indirect economic impacts resulting from the purchase and installation of the columns, and their associated energy use and GHG emissions. In all cases, the total economic impact is larger than the final demand due to supply chain effects. These are shown more clearly in Table 3 , which ranks the top 10 sectors based on economic activity resulting from the manufacture and installation of the concrete columns. In order for the 'cement and concrete product manufacturing' industry to produce $111,681 of saleable concrete, it must purchase products and services from other economic sectors, such as non-metallic ores to feed chemical reactions, electricity to power process plants, and insurance to protect investments. These industries in turn purchase concrete and cement to build their infrastructure, which increases the production of concrete and cement over the $111,681 mark. Moreover, firms within the cement and concrete manufacturing industry purchase the sector's products for their operations. Based on this logic, the total economic output in the 'non-residential building construction' sector should also exceed the final demand of $317,862. However, there are five sectors of the 117 in the model where Statistics Canada has not provided detailed inter-sectoral information in its total requirements matrix, and the 'non-residential building construction sector' is included in this number. Therefore we assumed that economic activity in this sector resulted only from final demand, and that there were no interrelated impacts (this was achieved by placing a '1' on the 13 th row and 13 th column entry of the TRM, and '0's in the rest of the 13 th row). A sense of this assumption's impact on our results was obtained by using the 1997, CMU U.S. EIO-LCA model [11] . It was found that for a final demand of $317,862, the total economic output is $637,604, which causes the GHG emissions and energy use to roughly double compared to the Canadian case. Assuming that the U.S. economy is structurally similar to the Canadian economy (which we have yet to validate), the implication is that we may be underestimating our GHG emissions and energy uses by a factor of 2. However, this does not drastically change the sustainability comparison between column types. Doubling the GHG emissions and energy use resulting from activities associated with final demand in the 'non-residential construction' sector causes the GHG emissions for both column types to become nearly equal, and decreases the ratio of energy use for the steel to concrete column case from 2.4 to 1.8. Therefore, the GHG emissions are still essentially comparable, whereas the total energy use associated with steel columns in office towers remains much larger than the energy use associated with concrete columns.
In Table 4 , the top 10 energy-using sectors resulting from the manufacture and installation of concrete columns are ranked. The total energy used is 4,004 MJ. Overall, there is a correspondence between energy use and economic output such that the top 10 sectors for both metrics are similar. However, the sector order is different in Table 4 than in Table 3 because sectors involved in electricity generation, either directly or through extraction of raw energy products, are more energy intensive and are therefore more highly ranked in the energy use category than in the economic impact category. The 'electricity generation, transmission and distribution' sector does not represent the energy produced by the sector, but the energy used by the sector to generate the electricity that is purchased by other sectors.
Though the quality of energy use estimates is considered to be good due to the fact that industrial producers are required to report quantities of energy purchased and sold yearly [17] , the EIO-LCA analyst should cross-check energy use with other sources if performing an LCA for a particular geographic region. As with many of the values computed by the EIO-LCA model, the values are based on national, aggregate measures. The energy mix varies from province to province, and from municipality to municipality across the country. In certain localities, there might be a greater proportion of hydro electricity generation (for example) in the electricity mix than that considered by the EIO-LCA model, which is based on the average Canadian electricity generation mix.
In Table 5 the top 10 GHG-emitting sectors associated with the manufacture and installation of concrete columns are ranked. The total emissions are 478 Mg CO 2 eq. In this case the rankings are very similar to the rankings for energy use because there is a high correlation between energy use and GHG emissions. Ninety percent of the CO 2 emissions reported by Statistics Canada are from the combustion of fossil fuels [17] . Of the other 10%, a significant component is the emissions from chemical reactions involved in the production of cement and lime [17] . Therefore the 'cement and concrete product manufacturing' sector is inherently emissionsintensive, which is why there is a larger gap between the first and second ranked sectors in the GHG emissions table than in the energy use table. The fuels burned in the extraction of inputs to the production of cement and concrete appear as GHG emissions in the 'non-metallic, mineral mining and quarrying sector'; GHG emissions from the generation of electricity are represented in the 'electric power generation, transmission and distribution' sector emissions; and GHG emissions from the extraction of fuels burned in electricity generation are represented in the 'oil and gas extraction' and in the 'petroleum and coal products manufacturing' sector emissions. Finally, GHG emissions from the fuels burned in the shipment of materials related to the cement and concrete industry are represented in the transportation sectors emissions.
Turning now to the steel column case, Table 2 shows that the total energy use for column manufacture represents 99% of the total energy use. Therefore, in Table 6 the top 10 energy-using sectors resulting from only the manufacture of steel columns are ranked. The total energy used in manufacture is 9,667 MJ, and similar sectors as for the concrete column case appear in the ranking, with the notable exception of the 'cement and concrete product manufacturing' sector. Most of the energy use is concentrated in the 'primary metal manufacturing sector', which was used to approximate steel manufacture. The total energy use by this sector was 7,002 MJ, which represents 72% of the energy used for manufacture, and 71.5% of the overall energy use for the steel column case.
The sector's energy distribution by energy type is shown in Table 7 , in which electricity and natural gas are prominent energy sources. 'Electricity' is made up of nuclear and hydro, which comprise 71% of the energy used to generate electricity in Canada. The remainder of the energy sources listed are fuels burned to either produce the remaining 29% of electricity, to power combustion engines or other processes.
Conclusion
The EIO-LCA model for Canada enables the quick and relatively straightforward estimation of cradle-togate GHG emissions and energy uses for materials, products or processes across their entire supply chain in the Canadian economy. As a consequence of considering the entire supply chain, both direct and indirect effects are computed, the former of which are only partially considered in conventional LCA. Moreover, the EIO-LCA technique is advantageous in that it uses data collected from Statistics Canada that is both reliable and centrally available. Finally, because the model uses the NAICS classification system, it lends itself to creating North American, multiregional models as environmental impacts cross national borders.
For all its advantages, the EIO-LCA model has limitations. First, the analyst is restricted to the data used by the model. This data is limited by the fact that in Canada, there are currently no national, producerspecific accounts of solid wastes, waterborne wastes, durable-good wastes, and recycling activities, and by the fact that there is no data on leakages from landfill sites, or on public sector wastes [17] . Secondly, though the model does have the advantage of considering the entire production supply chain, it is limited by the assumption that economic growth, environmental releases and energy inputs vary linearly with changes in demand. Thirdly, it is limited by aggregation. Some products and services are well approximated by their industry while others are not because they represent only a small portion of the sector's production and/or because they are vastly different from the average product or service in their sector. Analysts should also bear in mind that energy mixes may not reflect local conditions and that GHG emissions may not reflect emissions from certain processes. Fourth, the model considers only cradle-to-gate effects. When performing an LCA that includes substantial contributions from the use or end-of-life stages, a hybrid approach can be used where data are obtained from other sources or from other sectors of the EIO-LCA model [MacLean and Lave, 1998 ].
The EIO-LCA model points to several initiatives for moving toward a more sustainable economy. The first is to reduce economic activity in order to reduce environmental burdens. Since moving towards sustainability involves reducing GHG emissions and energy use (among many other concerns), the EIO-LCA model supports the observation that less industrial activity improves society's environmental performance. The second initiative is related to industry (and consumers) making sounder environmental choices, such as the decision to use concrete rather than steel columns in office buildings. The final initiative is to change the structure of the economy through "greening" production processes and energy generation through technological innovation. In particular, since electricity generation is highly energy intensive, is widely used by other sectors in the economy and is often a large contributor to GHG emissions, the need for more research into clean power generation technologies is highlighted by EIO-LCA.
Without national environmental data and modeling capabilities, our capacity for a systems understanding of sustainability is limited. If innovative measurement technologies to aid material and energy flow accounting are developed from the bottom up within industry in response to increasingly strict environmental regulations, the informational basis for EIO-LCA will improve, and the technique will emerge as an important tool for moving toward sustainable design. 
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